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Sassi and Rosso1 asserted to have rediscovered the akdalaite model of Michel and coworkers2, 3 
for the structure of ferrihydrite having a composition of Fe5O8H·nH2O (0 ≤ n ≤ 2) using ab initio 
calculations. Here, we show that the predicted polyhedral configuration and magnetic properties of 
the lowest enthalpy model correspond to those of hydromaghemite, not ferrihydrite. This is 
demonstrated by compiling results published in eleven uncited articles by seven independent research 
groups (Table 1). Taken together, the results in these articles validate the model structure of 
ferrihydrite obtained by X-ray diffraction4 (Drits model) and do not support the model obtained from 
pair distribution function (PDF) analysis2, 3 (Michel model). The results pertain to the chemical 
composition and structure of ferrihydrite, and are synthesized below in five statements that counter 
some of the hypotheses, statements, and interpretations in Sassi and Rosso.1 
 
1. The average composition of ferrihydrite is FeOOH·0.2-0.4H2O  
The ferrihydrite models generated by Sassi and Rosso1 lie inside the compositional field 
Fe5O8H·nH2O (0 ≤ n ≤ 2, 0.2 ≤ OH/Fe ≤ 1). The Fe5O8H stoichiometry is that of the Michel model, 
which is depleted in OH and H2O.5 Six-line ferrihydrite has a mineral core close to FeOOH and on 
average 0.2 to 0.4 chemisorbed H2O molecules.6 The two boundary compositions can be rewritten as 
Fe5O8H·3H2O (OH/Fe = 1.4) and Fe5O8H·4H2O (OH/Fe) = 1.8). Thus, the actual compositional range 
of ferrihydrite is outside the calculation range. Sassi and Rosso1 show that the Fe coordination is 
influenced by the OH/Fe ratio, a ratio typically ≤ 1 favoring the formation of tetrahedral Fe as it exists 
in the Michel model, and a higher ratio favoring the octahedral coordination. Therefore, one would 
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not expect a model to have emerged from the calculations in support of the Drits ferrihydrite structure 
which lacks tetrahedral Fe. 
 
2. Well-crystallized ferrihydrite has seven diffraction lines  
Sassi and Rosso1 consider that ferrihydrite exhibits at most six diffraction lines (6Fh) when in 
reality it contains seven lines (7Fh) when well crystallized (Fig. 1a,b).7-10 The 100 and 101 diffraction 
lines are broad and partly overlap in 6Fh whereas they are sharp and well-separated in 7Fh. The X-
ray diffraction (XRD) patterns of 6Fh and 7Fh are both fit well by the Drits model,4, 8 whereas the 
XRD patterns calculated for the fhyd6 and ferrifh structures of the Michel model contain 14-15 
diffraction peaks instead of 7 in the °2θ interval of 7Fh (Fig. 1d,e).11 
 
3. "Ferrimagnetic ferrihydrite" is hydromaghemite 
In 2012, the authors of the 2010 study on ferrifh3 acknowledged12 that the ferrifh sample is not 
ferrihydrite, but instead is a material previously referred to as hydromaghemite (γ-Fe2O3·0.3H2O or 
Fe5O8H·0.25H2O13), based on the resemblance of its XRD pattern with maghemite (γ-Fe2O3) and 
similar ferrimagnetic properties. Therefore, the designation of "ferrimagnetic ferrihydrite" for sample 
ferrifh is a misnomer and a source of confusion in the Sassi and Rosso article.1 
Ferrifh is an intermediate ferrimagnetic phase obtained by hydrothermal transformation of 
ferrihydrite with two diffraction lines (2Fh) when doped with phosphate or citrate.12-15 The 2010 study 
of Michel et al.3 was revisited recently in a study using in situ total scattering and PDF analysis.16 
2Fh obtained at room temperature from the hydrolysis of Fe salt consists of corner- and edge-linked 
Fe octahedra (VIFe).17-19 In the absence of phosphate or citrate, 2Fh transforms into antiferromagnetic 
hematite (α-VIFe2O3) under hydrothermal treatment.20, 21 When present, the two anions are bonded to 
the Fe octahedra which triggers the appearance of tetrahedral iron (IVFe) and formation of ferrifh, and 
ultimately of ferrimagnetic γ-IV/VIFe2O3, as heat is applied. Therefore, tetrahedral Fe is not 
constitutive of the structure of ferrihydrite. Rather, this coordination is induced by citrate and 
phosphate.  
Is ferrifh described by the akdalaite model? The akdalaite space group (P63mc) was used by Michel 
et al. to fit both the PDF of fhyd6,2 which is six line ferrihydrite (6Fh), and the PDF of ferrifh,3 which 
is hydromaghemite. Therefore, either the PDF technique lacks the sensitivity needed to differentiate 
these two materials, despite their having distinct XRD patterns, or the analyses of the PDFs of fhyd6 
and ferrifh data are questionable. This point was addressed by remeasuring and refitting the PDF of 
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6Fh.22 The conclusion of this latter study was that the fits of the PDFs of fhyd62 and ferrifh3 were 
overparametrized. Thus, the mathematical solutions were non-unique, and the regressed akdalaite 
structures of fhyd6 and ferrifh are problematic. 
We conclude from this that the sentence "Out of this [modeling] exercise, not only is the Michel 
model objectively “discovered”, but critical analysis of the three most energetically competitive 
hypothetical new structures on the basis of their theoretical XRD patterns and PDF shows that among 
the four only the Michel model is capable of describing ferrihydrite observables" in the Sassi and 
Rosso article1 is inaccurate. We agree with Sassi and Michel that the XRD patterns and PDF of the 
three new magnetic structures differ from ferrihydrite observables (Fig. 1f-h and Fig. 2). However, 
neither structure refined from the PDFs of the two separate samples (fhyd6 and ferrifh) of Michel and 
coworkers replicates the XRD pattern of ferrihydrite (Fig. 1d,e). Furthermore, the PDF fits of both 
samples are unconstrained, which allows an infinite number of structural solutions within the 
akdalaite space group.22  
 
4. Ferrihydrite is antiferromagnetic, not ferrimagnetic 
It is well established that ferrihydrite is antiferromagnetic with a small magnetic moment of a few 
Am2.kg-1 at 2K due to uncompensated spin moments.7, 23, 24 The antiferromagnetic structure of 
ferrihydrite was confirmed recently by magnetization measurements of hexaferrite-ferrihydrite 
powders.8-10 The net magnetic moment decreases when the proportion of ferrihydrite increases in the 
powder, while it should remain constant or increase if ferrihydrite were ferrimagnetic. Therefore, the 
ferrimagnetic triclinic structure of Sassi and Rosso1 does not provide direct insight into the structure 
of ferrihydrite. 
 
5. The Drits XRD model has been confirmed by neutron and X-ray Rietveld refinement, 
electron nanodiffraction, and HAADF-STEM imaging 
According to the Drits model,4 ferrihydrite is a mixture of a defect-free phase (f-phase) and a 
defective phase (d-phase). The volume percentages of the two components were estimated to be 67:33 
for the Drits sample (6Fh) studied by XRD,4 and 50:50 for the Jansen sample studied by neutron 
diffraction.25 Ferrihydrite with dominant d-phase has been synthesized.4, 26 The two phases have been 
observed by electron microscopy.10, 27-29  
The d-phase has a feroxyhite-type (δ-FeOOH) local structure with face-sharing octahedral pairs 
like those described in the antiferromagnetic monoclinic model of Sassi and Rosso.1 The d-phase was 
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described in terms of a “double chain structure” by Janney et al. in 200027, but in reality the polyhedral 
association is the same as in the d-phase model.30, 31 The mineral core composition of the f-phase 
model is FeO0.85OH.4 The f-phase was used recently in Rietveld fitting of the 7Fh XRD pattern,8 and 
its structure imaged for the first time in 2018 using high-angle annular dark-field imaging in a 
scanning transmission electron microscope (HAADF-STEM).10 The f-phase and akdalaite model 
have the same projection of the Fe columns along the [001] zone axis, but not along the [010] direction  
(Fig. 3). Edgewise imaging of a single 7Fh platelet shows that the Fe atoms are distributed as in the 
f-phase, which is exceptionally strong support for the Drits model (Fig. 3). 
The Drits model excludes tetrahedral Fe from ferrihydrite, in agreement with the OH/Fe ratio of 
the mineral core. The tetrahedral coordination, which has been firmly established by X-ray magnetic 
circular dichroism (XMCD),24, 32 can be attributed to γ-Fe2O3 and Fe3O4 impurities, as observed by 
electron microscopy.28, 29, 33 Tetrahedral Fe at the ferrihydrite surface has been dismissed using 
integral low-energy electron Mössbauer (ILEEM) spectroscopy,34 in agreement with previous 
suggestion from x-ray absorption near-edge structure (XANES) spectroscopy.35 XMCD does not 
allow quantification of the amount of tetrahedral Fe in a coordination mixture. This amount was 
estimated to be 20-30% on the basis of an earlier extended X-ray absorption fine structure (EXAFS) 
study.36 However, re-analysis of the EXAFS data reduction showed that this fraction is likely 
overestimated.30, 37 
Sassi and Rosso1 wrote in their introduction that "Although the Drits and Michel models each show 
generally satisfying agreement with XRD and PDF, respectively, neither agree fully with both 
measurements simultaneously". We have shown that the Michel model fails to reproduce the XRD 
pattern of ferrihydrite and that the PDF fits2, 3 are unconstrained. The Drits model gives good 
agreement with XRD and fair agreement with PDF. Imperfection in the fit of the PDF of ferrihydrite 
results from the difficulty of simulating nonperiodic structures.22, 38 In their conclusion, Sassi and 
Rosso1 recognize the necessity to explore a wider region of compositional space to address the 
structure of ferrihydrite adequately. Any realistic ferrihydrite model should also incorporate structural 
defects, such as the mixture of α/β/γ-FeOOH building blocks,30 point defects (interstitial atoms or 
vacancies), random occupation of crystallographic sites, stacking faults which alter the periodic 
sequence of atomic layers, and the mixed-layering of the f-phase and d-phase components. This 
information, which can be obtained from the modeling of diffraction profiles,4 is challenging to 
generate by atomistic modeling techniques. 
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Table 1. Key articles on the structure and magnetic properties of ferrihydrite uncited in the Sassi and Rosso article.1 
Ref # Authors Journal Title 
6 Hiemstra and van 
Riemsdijk (2009) 
Geochim. Cosmochim. 
Acta 
A surface structural model for ferrihydrite I: Sites related to primary charge, 
molar mass, and mass density 
7 Berquo et al. (2007) J. Geophys. Res. High crystallinity Si-ferrihydrite: An insight into its Néel temperature and size 
dependence of magnetic properties 
8 Granados-Miralles et 
al. (2016) 
J. Mater. Chem. C Unraveling structural and magnetic information during growth of 
nanocrystalline SrFe12O19 
    
9 Grindi et al. (2018) J. Magn. Magn. Mater. Microwave-assisted synthesis and magnetic properties of M-SrFe12O19 
nanoparticles 
10 Grindi et al. (2018) J. Solid State Chem. M-SrFe12O19 and ferrihydrite-like ultrathin nanoplatelets as building blocks for 
permanent magnets: HAADF-STEM study and magnetic properties 
11 Manceau (2012) Am. Mineral. Critical evaluation of the revised akdalaite model for ferrihydrite—Reply 
12 Barron et al. (2012) Am. Mineral. Critical evaluation of the revised akdalaite model for ferrihydrite—Discussion 
16 Jensen et al. (2014) ACS Nano Mechanisms for iron oxide formation under hydrothermal conditions: An in 
situ total scattering study 
23 Guyodo et al. (2006) Phys. Earth Planet. Inter. Magnetic properties of synthetic six-line ferrihydrite nanoparticles 
27 Janney et al. (2000) Am. Mineral. Structure of synthetic 2-line ferrihydrite by electron nanodiffraction 
30 Manceau et al. (2011) Am. Mineral. Critical evaluation of the revised akdalaite model for ferrihydrite 
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Figure caption 
 
 
Figure 1. (a-c) Experimental XRD of samples 6Fh,31, 7Fh,7 and ferrifh3. (d,e) Calculated XRD of the 
fhyd62 and ferrifh3 akdalaite models. (f-h) Calculated XRD of the three energetically most stable 
Fe10O16Hn magnetic structures calculated by Sassi and Rosso.
1 The Fe10O16H2 model has the same 
stoichiometry as the akdalaite models. The XRD traces were calculated with the Mercury program 
from the Cambridge Crystallographic Data Center (CCDC). 
 
Figure 2. Experimental (sample 6Fh) and calculated PDFs for six-line ferrihydrite. (a) Fit of 6Fh 
with the Drits model (adapted from Ref.22). (b) Fit of 6Fh with the antiferromagnetic orthorhombic 
model. Scale factor = 1.8, resolution parameters qdamp = 0.24 Å-1 and qbroad = 0.06 Å-1 (fixed), dynamic 
correlation factor δ = 1.1, isotropic thermal parameters UFe = 0.009 Å2 and UO = 0.017 Å2. (c) Fit of 
6Fh with the antiferromagnetic monoclinic model. Scale factor = 1.4, qdamp = 0.03 Å-1, qbroad = 0.06 
Å-1 (fixed), δ = 1.8, UFe = 0.034 Å2, UO = 0.0153 Å2. (d) Fit of 6Fh with the ferrimagnetic triclinic 
model. Scale factor = 2.9, qdamp = 0.13 Å-1 (fixed), qbroad = 0.06 Å-1 (fixed), δ = 1.3, UFe = 0.024 Å2, 
UO = 0.074 Å2. PDFs were calculated up to 10 Å using the pdfgui39 interface and the crystallographic 
coordinates and lattice values given as supporting information in the Sassi and Rosso article.1 The 
particle size was fixed to 35 Å whereas isotropic thermal and atom-independent parameters were 
regressed against the experimental PDF data of 6Fh.22 
 
Figure 3. (a) Fourier filtered HAADF image of a f-phase nanocrystal oriented in the [001] zone axis.10 
(b,c) Projection of the Fe columns in the (001) plane of the Drits model (b) and the Michel akdalaite 
model (c). The two models are indistinguishable in this orientation. (d) Fourier filtered HAADF 
image of a f-phase nanocrystal viewed on the edge.10 (e,f) Projection of the Fe columns in the (010) 
plane of the Drits model (e) and the Michel akdalaite model (f). Only the Drits model matches the 
experimental image. 
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